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1. INliwtAI.Tjdv

Generally, c tie mlnorlty field la che
pr-farrod compdten~ to null (La., Lhe p=ioldsl
field for ● LOkaMk ●nd Lho Loroldal field for
an RFrt. Nulllng Lh, mlnorlty field Wnlmlzea
the mxgnoLlc-Kleld pet:urbarlon At Lh8 pkASM#

●lgc . mlnlmlzlng ●dveree afrecca on Lhe oreoourc
anc tn9 particle or ●ner~y COnfln8MXnL timee.5

Th, ●fflclancy ulch which parLlcioa 8nLwr Lne
dl~ercur 18 l~:reaoed by mlnlmlzlng ~hr Mh.IaClC
al?ror dtrpr., aL the dlvercor thruAL, whlCh ● lSO

lb accof.pllshed by nuillng Lha mlnorlcy flald.
Lently. dlJertor-coil currante fical- llnCarLy

WILh ttlm magn.tude of the nulled fl-ld
component . the ●nbr~y ●cored Ln, forcas un, 6 net

pow8 r conmummd by LFsa dlV8rLGr CO11O ●rw all

mlnlmlzad by nulllng Lhe mlnortcy field
cump~onenL . Nuillng Lhe toroldal flald Ln ●n

RFP, h~wmvar, dGaa rmlse concmrnm ●bout t tiw

9tab1.llLy uf ●n RFP plamma with a nun-munuton]e

Lc.ruldal ●ymmutry.

A preliminary study 6 uf th~ ranga 01 Lha
dlvcrtur optlone duLarml d thaL cwo klnde uf
dlvarcors arm beet ●ul..fl to Liia REP Mgn8KlC
~eotutry. s turuldal-field, pululdally 8yMXLrLC
dl-:srtur (Mlj ●nd ● LoroLdaI-fleid, bundle
dlvsrtur (BLij. Tha R-f. 6 ●tudy W-F baa-d on a
twu-dimanslonal vacvum-field mudel ● Id cuutd not
tialact a prafarrcd ●pproach. The focus of trr9
pr-m~nt ●cudy 1s s thram-dimennlonai mxgn-tlca

●naiyela uf Ltm SD ●nd BD daalgno ●ug~matad Ilj

Ref. 5. TII- ct,r.a-dl~enelonsl matnetlcm
provldam # mura ●ccuratm -.alcu14tlGn of tha

dlvmrtGr cunractlun len.~ctc (1.8., th8 dlOLancc

along ● field llno bmtwcen alvsrtor Cullactor

piatee) ●m weli a- ● mmasurc uf flux murfa.m
lntegrlty bammd on m#~nstLc-lalend wldthm

arlelng frun ● periodic toruldal-field rLpple

●nd Lh8 thlckenlna of f~ux curfacae ceilsad tLy

ndrl-axl~y~ecric torol~ai-field ripple.

The deelgn Philosophy and reactor
. onfiguratiorc ●re deocrlbed in Bee. 11.A., and

LhO rxoda 1 used for simulating the plasma fo

g[ven in FIec . 11.8. The reaulta of

Chrae-dlmrnmlonal MgnmLlC8 ●lmul-tlano for Lh8

reference rhelgn ulLhout dlvertora, with BLW,



●nd with SDS ● re presented in Sec. III. In
t

●ddition, design paramecero are given for cite
prsferred divert~r design: the Coroidal-fl=id,

poloidaily symetrlc divercor. Section iV.
mmmerizea the critical ● lements of tne SD
daalgn.

II. HODEL

A. Daeign <onatraints

The llmicer-”maed CRFPR design co which
div?rtoro will be added is ceken from Ref. i,
amplified In Ref. 7, and summarized in Table I.
The Ref. ~ denign 18 based on ●n aiidltional
O.i@m-thickness ●dded co the biankec
(m = 0.775), ●lthough the Ref. 1 design is
retained for this dlvercor sctidy in anrlclpa~lon
of Improved blanket performance (la., low heat
load~, no limiter, ●ased trlclum braedlngj for
the diverter casz. A mlnlmum ●hleid chlcknaea

of O.lm in reqalred between che plasma *rid the

divertor coils, ●nd ●n XA - O.O&-m-chick
scrapeGff iayer 1s positlonmd between ciie
ceparacrlx and ilrat wali. The currenc density
in the dLvercor COIIC la constrained co be balGw
50 M/m2, following the MARS cnokc COL1 de~l n.a

iFour SDS or eight BDs were deemad neceeaary to
malncain che heat flux co che plama-chamber ●nd
che dlver[or-channel walln below 6 tfblmz.
Outboard maintenance of elchar dlvercor lmponem
a ,1 addlclonal constraint on both dlvercGr ● lze
and pololdai field coii (PFC) ●nd TFC iocacl~n.

TABLE I
KEY CRFPR DESIGN PARAttETERSi

Parameter
FusioJ power, PF(NU)
Thermnl power, Pm(m)
Nec ●lectric pawar, pE(tfUel
Neutron wall loading, Iw(HUlm2)
Reversal ourfmce radius, rv
Piamma minor radius, r (m)

First-wall radiua, rw(~l
Plauma major radius, ~(m)
Blanket/shield chlcheos, Gb(m)
Number of TFCS, NT
Toroid.1 fi.ld, B/:p);;;)
Puloldal field ,
Toroidalplas~c.!regc, lfi~>
Pinch paramacer, 9= B6(rp
Revermal parameter, f - B@(rp),<B/
Pololdal ber.a, Be
PIAsma transport power, pTR(~)

-20:m:)Plcam deneicy, n(lu
Plaame temperature. T(kev)
Confinement time, fpi(o)
EdCe safety fac~or. q “ !rpFi’TZTl
LOE (nLlln:kUeh)

Value

2732

3365
looil
19.5
tO.6ti
D.71
0.75
3.80
0.675
24
il.kG3
5.18
18.G

1.55
-0.12
0.23
571.8
6.55
20.
0.59
9B~15

k6.2

B. Plaow Slmulacion—. —...—

The flrat stage of the dlvertor daelgn
praccedo on tha baeis of ● t=~-dimensional
layout. TIIe separacrlx la Locacad by fLeld-lLne
tracinsa that a<a cohflrred to cha equatorial

plane and samDle a region near the plasma
surface. Ac this Stage of analy~le, oniy cne
diverLor coilc ●nd cne TFC ●et are tilmullcea
wlch the ochemiae three-dimenglonal vacuum-
megne~icn code, TORSID0.9 The CO1l locations,
currente, and current danaiciGa are Key design
variable-. Colla ●re pGr4iCitJned to minlmlze and
eymecrize the field ripple produced by the
dlvercor; the coil currerrce were adjuaced co
locate the separacrix at the piaema otirface
(Table Ij; ●nd Che coLl current aenelclen are
determined by requlrln~ no fieia line CG

tntersecc che coiia.

B.1. flHD Hodel. Decennlnaclnn of cne
dlvercor connecclrm length and fiux-surface
lncegrlcy (I.e., magneclc lslandn and fiux-
aurface broadening) can “M ●ccom#il@ried Gnly
with ● three-dlmenaional modei that simciateh
both Lhe PFCS ●nd che plasma In adaicim co the
TFC ●nd che dlvercor coil currencg. Tne piaama
●im.tlaclon le baeed on ● one-aimenaional tRf.D
model of RFP maanetic fieia ●rm current density
profilee, ‘ tihlcn eolvec che foliowlng 6ec of
eimulcaneoue ●qtiaLIOfifi:

.“-%*’ ijj

where - G~(Iaj-’ h m, The preaatire profLie
i8 de%cribed by p(r~ - J~(~~.rp), wrIe re
G- B-(rw)!<B/ la

i’
cne pinch par~mecer. The

norms lzacion of che prefiaure prGflLe 10

●djusted lceraclvely in order to obtalrI a

epeClfLC pOIOlaSl beta, B5 - Z%<p>;B~[rpj. In
Ref. i, u(r) - 1 for O ● r ● rb and ciien rampn
llnearly to zero for rb t r < rp (i.e.. ‘he
Hodlfled Beaoel-funccLon Flodei). Tfila break
point, r , la decermlnad experlmentallyio co be
ac ‘b-8.6~7rp for 6-1.55 and caumee
dloconclnutlas in the radial derlvaclvas of Cl,e
c~lrrent der.alcy and rugnctlc field profiies.
Theoe dlscontinuitieo can rea.lc Ln lar~e errGro
for ● numerical lncagraclon or cpline of the
profilas. This problam la clrcumventad in che
pr~sent calculaclona by uoing cne foiio~in~
concLtiuoue funcclon for che ~ proille. Jrj - I

for r Tne break p~lnc I
pr~fi!e’~s’~g~ermlned byaquat,n~~~e;’~~de[
che cwo M prGflLea ●nd occurs ●c rb = U.7J.r .

EThe magneclc field proflleo calculacea fr~m K ,e
one-dimenrlGnal HHD model ● re shcwn in Fig. 1,
which ●180 compares tha proceaure uned in
Ref. 10.

B.2. Hagnecics. TIM plama-currenc-d.mslly
●nd magneclc-field proflleo Obtalnad tr~m

EqO. (11-(31 are used hy che three-dlmenmlonal
megnetl:s model. The pGloldal tleld la
●imula~ed by a current-carrylne h=oP cond.J. Lor
poaLtLoned in che cquecorial pLa5. ac
R - 3.806 m. The 6-m dlnplacemenc o.Jcwa. I rkm



the plasma center line correeponde co cne
Shafranov ehifc ae ~pplled to an RFP1l. The
corolaai cbirrenc in the hoop is Caken to be
18.L HA fGr r>rn And variee ac f ollowe
for r < rp: r

r

Iirj - r -q-

to the ?oro]dal
coroidal field
zero for r 2 r
from P’

j~(r-)r-dr” , (4)

deecribed by ● ctibic epl.ne fit
currenc-denaicy profiie. lne
from the placma ie takeii to “M
and for rcr p is determined

“e (Ep)

tip. 6pir ) 1s the Coroldal vacu.m field ●nd

B* (r] e cne coroldal-field proftle prevlouely
c lculaced. The ●ffects of toroidal ripple on

‘(r) In Eqa.jm(r] ●nd B@
f’

(Gj and (5) ●re
● mulaced by scaling che mtnor radiua according
to the fluccuatione oboervad Ln two-dimensional
field-iine craclnge AC the reveteal eurfac=
minor radiue, rv. Theee plasma pololdal ●nd
caroidai flelde ●re ●dded to the vacuum fteids
calculated by ToRSIDO Lo coaplete Liip combined
almuiatlon of plaema ●nd coiie.

H(I

4.(J

LI[)

-40 [d”
...

B,

-1

r~ *
\

r.
H.(1 ..~. ~—

- ~.75 - (j~J 0.25 0.75

Minur RnriIua. r (ru)

Fig. 1. Hagnetlc-field prufllee from che M!)
m.-.le 1 .Jolng thle coelne ~ pruflle (solld llnea)
a fid the ilnear ~ profile (docced llnee].
pr~fllee for ● wertlcal cut ●c R-3.6q

(dae~ed llnee) ●nd for ● horl~oncal cut ●c
z - Cl m (d~ehed-dotted ilneel nrt ● ieo ●novn.

ILL. w~~LTj

A. tla~netlcm of BaDic tGnflguratlon

The thrae-dimanelwtel slmlmtlon of the
plaeme, the PFCO. ●nd t!m rFc3 of the beelc

confl~uratlon le ●hewn in Flu. 2. Hagnetlc
lelande ●rlelfig fr~ tha roroldal-flald ripple
with -0.lb-m Widths were ●xpected baeed on an
inflnlto-cyllnder modm112 ~eln~ the toroidal-

field ripple on the oucbaerd ●ide in th
●quatorial plane. 1 Tine field-liae traci~a
revealed, Iwtead, !lu* “surf*ces” w!.th radial
widche or volumee. The ●eymerry in the
toroidal-field ripple, u depicced edmmecicly
in Fig. 3, causem this rlsyWaecry. The-
coroidally ●stric poloidal f’.ux surfacee

cmnect ● ●ec of inbaetd toroldal-fitld linee to
a sec of oucbmrd toroidal-field Lirm *t ●om
toroidal ●ngle, wi.ivh 14 taken ●s a coil plane
in Fig. 3. Hhen field liaes progreos
coroidally to a midplane, tne poloiaal flux
●urfacee map the ●et of inboarl field lines into
A differant ●e= of oucbeard field lines and vice
versa. l%is rcsultm in ● blurred field-line
tracinfj ot c he magnetic :4urface, giving the

otirfaces in Fig. 2 radial widths of 2-9 m.
Thle dimeneion le comparable co the 8-=
difference in Lne ●mplicudu of the ripple from
lqb~ard CJ out”mard locariome ir the ●quacorlal
piane.

60

50

: 40
>, 30

2.0

10 1. ...1.... ,1,-1
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FLg. 2. Tne punccura plote (the lntereacclon of
● field line wlch che ●quatorial plane] for
etarclng minor radll of 0.63, 9.67, 0.71, and
0.75 ● ●nd toroldal ●ngla of %;68 dlsplaye4 in
on~ field period. The ‘evermal surface occure
@t rv - 0,66 m.

Tnr rad.al width of the tlux ●urfacee le
not ● concer,, fur ●n RFP unleee thla VIC!CII
beccmee Largkr Lhan chs dletance ~-.r

Ae P - ‘r;co~flncmant lti cnou~ht cu occur prl~ lly
chle re~lon, field linee which connect tne
cent rai plasma directly to the rlaema eurface
would ehort circuit the conflnemmnc pr~cae-.
TM bacic contlguration le mc:apcable Wittl
respect to thlc conetralnt, ●lnce the ourface
widtl. of Z-8 ~ 1s much ●mailer than 5- ■ 7ii m.

B. Three-Dlmenelonel Dtvercor Dee~n~

B.1. fhndl~ Dlvertor (BD). Thd BD oftere
etrong Mlntenance—a=vancageu ●seoclated with ●

plug-n capability. 6 The phyelcal lmyrmt ●nd



.ldplan&
A----= ‘F!

Bx

Fig. 3. Aa~etric toroidal-field rippld shown
In the ●quatorial plane. Toroidal~y symmetric,
neotei-po~oidal-flux surfaces connect inboard
toruidal-field lines co outboard field linaa.

parameters for the basic configuration with 2L
BD# im ●hovn in FIu. 4 and Tabla 71. The ●dge
plasM calculaciona raporc?a in Ref. 6 lnalcacsd
a BD concoction l~ngch of ’35 ■ 18 needed,
●kvo which ●ppreciable cross-flald diffuolon so
the flrat-wall io ●xpacted co occur. A field
lina it tracad for mor~ than 3WI m (~ Onca
●round chc tOru#) wlchouc ●ntaring ●ny rf ‘he 24
diverter channolt. The puncture plots
●csociacad with tho fi~ld line tracing for the
2k BDa ar~ SISO shoum in FIs. L. Am ● reoult of
theea inordinantly long connection ler$chm
(>1 km), most particle ●nd amoociated ●riargy
10-a wo.ld be transporcod to thb first wall.
Conseq~encly, the toroidal-field bundle dlvercGr
is not considered
conflguraciom.

6.(I

w

h 3.0

feasible for tha low-q RFP

F’1
‘ u“nd’le

~- Ql\”ertGr

. -+
so

L_JF
Tr

co 11

20

10
0.0 1.0 2.(.)

x (m)

~1~. ~. Tho cwo-dlmenaionai field-line cracinga
(solid Llnas) for 2L BDs for r = 0.69, 0.705,
().715, 0.73, ●nd u.75 m nn [ha outboard ●ide
and 0.71 ●nd 0.75 ❑ on tha intoard ●lda. Almo
●houn la cho puncturo plot for tha thraa-
dlmansional ,,imulaticn of plaomd ●nd i-OLlS far
r = O.?lm.

B.2. 5yQ etric Divercor (SDj. Inceresc in
the SD principally reace uich an inhereritly
ohorcer connection len8ch compared to tne BD.
The physical layout of a field period of cne
baoic configuration with L SihI la ano=n in Fig.
5; denigri parameters ● re given in Table II. The
TFCs have been thickened radially inward by
0.05 m, correspondlmg co cr.e thickneao at clie
defuncc vacuum plenum neaded for ciie limicer-
based CRFPR decign, in order co pe-c tne
unobncwcted excraccion Of tie dlvercor coli6.

The TFC cross-aeccional area Is Fre~erved.
however. The separatrlx ~urface wag symmecrlzed
an boat ●s ponnible co mlnimLze che broadening
of flux surfaceo ~n the plaama ac che expense of
the symmetry of che diverter channel. Each
dlvercGr coil lies on a ray emanatln.g from cne

major ●xis in Grder tc ●yrme:rlze Coil ●ftecce

in toroidal ●ngle. Tne centers of tne divercor
COLLS are sh~fcad radially outward from the
planma cencer line in order co equalize the
magnitude of the field pertur”MClona produced by
the dlvercor coil, ●bout cne plafima ●o required
by the llr dependence of tne Eoroldal field.
The field-line tracings for the cwo-dimensional
clmulaclon are also sn@u in Fig, 5, wnlch aioo
●howm ● puncctire pIoc fOr ● fiald line Craclna
●tarced ●c r - 6.68 ❑ ●nd ● t ● torcldal angle
corraspond]ng to half way bectieen ai~ercorr.
This puncctirc P1OC dtmonacrate~ good f lUX
c.~rf~ce~ with radiai width < i!j mm in cne lCl-mm-
chlck Conflnemanc region.

TABLE 11
CRFPR DIVERTOR COIL DEsIJN PMU.HETERS

Toroldal-Fiald Bundla Diverter iBbj

Parameter(forw#rd~mlddlei rear coll)Val~e—

Current (MA) Q.13.(3.25’[0.-?
Hajor radiun (m] 6.757=5.9j,5.-5

Height [m) l.~ii.~,l.o

Width (m-! 6.1Z5. Q.\25. .~.l5
Current dermlty (FiAim2) %t~.u,]. 36

Angle (radians) 0.55. 1.iCl.”1.30

Toroldal-FleLd F.i~Ldally Symmetric Ltwercor (50)

Paramecer~nullingifianklng COIQ Vaiue

Current (HA) -U.8,Q,U

Major radlua (m) 3mB9?:3.-:lj

Pllnor radiuo (!s) 1.fi8~.u.G?,J

Current dermlty (HA.m2) 5Q. b$

The ●xlscence of ● pa-tlcla path into the
divartor is alsn of Lrtterast. Shnm. in FLg. 5.

la ● combination of puncture plots fGr al&hty
f! ld linan -rarted at ● coroidal iocaclon haif
way bacwean 5Ds, ●ach being ●qually ●paced on a
polotdal flux surfaca Chat passes Chrcqh Lhe
point R = 3.07 ~ and tarmlnated in che divertur
Col 1 plane. Such a calculation ●volda the

procass whareby tha ●symmatry of che ruiilal
●xtent 9f tha divsrcor channal in the divarcor



t~il plane cakes a aurfsce of mall radial width
upon ●ncrv into the dLvcrcor channel ●nd greatly
broadene the radial widen of the eurfaca upon
exlclng the diverter. This procedure
nevertheless demonatracen that ● path within tne
acrapeoff layer outalde of the separatrix exisca
for pdrtlclaa to ●nter the dlvar[ox without
flrnc inceriieccing the firnt wall or reentering
the plaema. Tha p~ncrtire are uniformly
d{.strlbuted polotdally for the flrot 0.2 m into
[he blanket, and are tnaraafter, cil-cributed
.~nli.>rmiy Do the in”mard side only. Future
effurce will complete the SD ●~crlzarlon.

60
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FIB. 5. The two-dimensional Iield-lln# craclngn
(sGild iinesj for G SDS for r = 0.69, il.~os,
f:l.?l~, b.~j, and ij.1~ ~. Aiao ehown are the
puficctire piote for tha three-dimensional
9Ln~laClon of plaema and colio r - 0.68 and
(2.71 m.

The reetilts of thle Cal:tilacionIndlcqte a
dlvertor connecting length of 73.3 m and ●

confiectlon iengch between dlverco: cnanne 1
~pening~ of 67.5 n The two-dlmenelgnal
caicuiaclona indicated the latter connection
length to be 7Z.~ ❑ for ~ We. The snorter
connection lei,gth pred cted by the full
simulation reaulce from the 1 r dependency of
the turuldai f~eld. the larger t~rnldal field OO

[lie inboard side more heavliy welgnt~ the
nmlier majcr radius ●t that pzint. ‘k rJ#I.ilLm

of the [hr*e-dimensional glm.iaclone of the 5D
lndlcate a emall lmpacc on the plaama and a
reasonable c~nnectlon len~!r, between dlvercor
plates .

C. DeeiBn Paramecerfi

An analytlc ●crapeoff model ‘~ haa been
applled to the S3), Table ILI ●ummarlzem reaulcn
for a particle diffuaivity D = i mzls, a the-l
dlff~eivity I - 3D, a radlaclon ,fracclon,

~%: “;Z;~eE;~y=:EIZZZ~i~cl:~~ ~~! ~.O-~~~

●stimate of the increwntal coet ●asoclated with
divertora aamumea chat che cost of electricity
(COE) scales inversely with nac ●lectric powar.
The blanket loss of ~0.4Z aosumee no breeding
between the outermost divercor coils,
inclusively, ●nd require. ● tricium breeding
ratio groator than 1.12.

TABLE III
DIvERTCR LHPA= ON CRFPR FUSION PO=R CORE

Parameter Value. —.

2-D 3-D
Number of divertore &

Blanket 1000 (Z) iO.4
Ohmic power (W; 67.7

COE increase (Z) 5.0
First-wall ●rea decrease (Z) 5.36
Dlvertor/first-wall ●raa 0.65
Diverter efficiency 6.93 o.9k

Power to first wall(~) 305.7 366.3
Power co divertor(~) 266.1 267.5
Plrat w*11 neat flux (FfU~m2) 2.67 2.86
Diverter heat flu% (lfbf/mz) 3.82 3.8-

Typical edge plasma comditiona
● Edgo-plaeme t~petature (eV) l&3.& iL7.7

● Wall-plasma temperature (eV) 56.
. Edga-plama density (lCi20i’m3) 1.66 1.38

1Moveable
PFCS 1

-z
N

Fig. 6. The top half of the PFC aec for the
baolc conflgurat .on ●nd cha boccom Iiaif ui the
PFC sat for tha easier diverter maintenance
●cneme. Also chown is the puncture P1OC (the
field iine intersections with zha equat rial
plane) for the three-dimensional almulaclon of
piss- ●nd coil-.

Th dlvercor Mintenence can be
accomplished In one of two wayo. Tne outboard
qaudrant- of tne PFC set can be ●lmultanaouoly
ralsad ●nd lowered co parmit horizontal
●xtraction. An - o.7-m verclcal lift la
required for the PFC -et, ●a shown in the uppar
half cf Fig. 6. A oocond, lace-complicated



maintenance ech eme ●llows ● PFC clearance that
is sufficient to permit horizontal extraction.
This latter design is shown in the lower h~lf of
Fig. 6, ●nd would dissipate ●n additional 19.1
NU of Ohmic power in the PFC set. Both PFC
designs provide access to the high performance
coiie ●nd diverter channel surfacea, where
frequent =Intenancc is expected.

Iv. CONCLUSIONS

The three-dimensional emulation of both
plaema and coils indicates that the bro~dening
of flux surfaces becauee of toroidal-field
ripple asymmetries is more important than the
-gnetic islands ●xpected from the
toroidal-field ripple. Flux eurface broadening
should be prement in ●ny toroidal device with
TFCa ●nd another toroidally symmetric field coil
set ( ● . g., tokamaks).

Tha SD is clearly preferable to the BD on
the bamis of reduced connection length. The
preoance of an SD does not significantly perturb
the flux surfacee in the outer region of the RFP
plamma ●nd, therefure, should not significantly
●ffect confinement. The SD preserves the
compactness cf the fusion power core in a
maintainable geometry. Preliminary analysia
inidicate menagable heat fluxen (- 3 H’W/mz) on
●ll surfaces for ● modest coat penalty, - 5%.
The results of this study indicate a more
detailed design is warranted.
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